The mechanical properties, namely, tensile modulus, maximum stress in tension and elongation at maximum stress of thermally point-bonded nonwoven fabrics with different bonding temperature have been evaluated. Image acquisition and analysis techniques have been used to quantify structural parameters such as fiber orientation distribution function, bond-region strain, and unit cell strain during controlleddeformation experiments and to identify failure mechanisms. We have shown that an in situ experimental visualization and measurement of the structural changes occurring during controlled-deformation experiments can help establish links between mechanical properties and the structure properties of nonwoven fabrics.
Introduction
The high rate of growth in nonwovens has led to a substantial increase in research aimed at establishing links between structure [1] [2] and desired macroscopic properties of these materials [3] [4] [5] [6] . However, few attempts have been carried out at the macro scale without a sufficient insight into the mechanisms responsible for the deformation characteristics of these fabrics [7] .
We recently developed a new device for in situ monitoring of the changes in the structure of a nonwoven fabric during its deformation [8] . In this study, these structural and deformation parameters such as fiber orientation distribution function, bond-region strain, unit cell strain, etc., under tensile deformation of the nonwoven fabric were explored to provide directions for establishing appropriate constitutive relations for mechanical behaviors as well as failure criteria. In this summary paper, we outline the role of structure on the mechanical properties of nonwovens.
Material and Methods
The nonwoven fabric was made from staple, carded polypropylene webs. The temperature of calendar rolls for bonding the fibers was varied from 140 0 C to 180 0 C in increments of 10 0 C at a constant calendar roll pressure of 40 psi. The nonwovens produced had a final weight of 24 g/m 2 .
Tensile Testing
Each nonwoven tensile-test sample measured 15 cm X 2.5 cm. The samples were tested on an Instron tensile testing machine at an extension rate of 100%/min. The clamps used were 5 cm wide and 2.54 cm high. The gage length used was 10 cm. Testing was carried out on samples cut at ten-degree azimuthal intervals. The data represent the averages and the standard deviations obtained from five measurements in each case. The maximum stress, the elongation at maximum stress and the secant modulus at 10% elongation were obtained from the load-elongation data.
Image Acquisition During Tensile Testing
The components of the concurrent tensile testing and image acquisition instrument are shown in Figure 1 . The tensile unit has been designed such that, for each strain increment, the jaws move by an equal distance in opposite directions. This arrangement is necessary to monitor the structural changes as a function of deformation in the same test zone. The light source for illuminating the structure employs a special directional transmitted lighting similar to the one described previously [3] . For a complete description of the instrument, refer to our earlier paper [8] . The results reported here were obtained with images that were digitized at 5% strain increments. The properties of most nonwoven fabrics, especially those produced from carded webs, are anisotropic, i.e., they vary according to the direction in which the fabric is tested. In order to establish the efficacy of the current instrument in this regard, tensile testing was performed at 0 0 (machine direction), ±34 0 (bond pattern stagger angles), and 90 0 (cross direction) for all nonwovens produced at bonding temperatures, 140, 150, 160, 170, and 180 0 C. In the point-bonded nonwoven fabric of the present study, these directions allow easy identification of the repeating unit of the bond pattern (see Figure  2) . The fiber orientation distribution function (ODF) was determined by using the Fourier method previously discussed [5] . A typical ODF is presented in Figure 3 .
Results and Discussion

Tensile Properties
The tensile moduli obtained from these measurements are summarized in Figure 4 . It is clear that the properties change significantly with the bonding roll temperature. As expected, the azimuthal tensile properties exhibit a symmetry that is consistent with the fiber orientation distribution (Figure 3) , regardless of the bonding temperature. Bonding temperature, however, is expected to influence the mechanical properties of the nonwoven. This is the expected consequence of the higher degree of melting and fusing of filaments at the higher temperatures, evident in the images displayed in Figure 5 . These images were obtained at different depths by using a laser confocal microscope. The stiffness of the bonded domains, and thus the fabric, would be expected to increase with bonding temperature, primarily due to the reduced freedom of interfiber motions.
Two aspects can contribute together to the embrittlement that results from bonding at the higher temperatures, one that corresponds to the aforementioned changes within the bond regions and the other to the changes that occur at the periphery of these regions, especially the significant flattening of the interface. Figure 6 shows the maximum tensile stress obtained from all the azimuthal tests. The tensile strength increases to a maximum with partial melting and recrystallization, and the consequent inter-fiber fusion, when bonding is carried out in the lower temperature region of the melting range of polypropylene. However, it decreases with the onset of large-scale melting that would occur at the higher bonding temperatures. It should be noted here that the mechanism of failure also changes around the bonding temperature that yields maximum strength. At temperatures below this transition, failure is almost always caused by inter-fiber disintegration within the bond region. At higher temperatures, failure occurs primarily at the periphery of the bond spot where the fibers break at the interfaces of the non-bonded and bonded domains. At high bonding temperatures, a sharp morphological gradient would be established at these interfaces, due the rigid bond domains that result from almost complete fusion of the filaments and the non-bonded regions that remain essentially unchanged from their original structure. Such a steep gradient has been observed by micro-Raman spectroscopic measurement [9] . The consequently sharp gradient in properties should lead to high stress concentrations and premature failure at this interface.
As seen in Figure 7 , the strain at maximum stress does not mirror the results obtained for the previous graph. The lack of a simply correlated behavior of the two arises from the fact that, while the critical condition for failure is most likely to be a stress-based criterion, the corresponding strain would be dictated by the combination of the stress and the compliance of the material at this critical point.
Orientation Distribution Function (ODF)
From the images digitized during tensile testing at 0 0 , +34 0 , 90 0 , and -34 0 directions, the fiber orientation distribution function (ODF), bond spot strain and unit-cell strain in the machine (length) and cross (width) directions, as well as Poisson's Ratio were measured. For a description of these parameters, refer to Figure 2 . The fiber orientation distributions were obtained from the images by using the Fourier Transform methods described by Pourdeyhimi et al. [5] .
The ODF was measured from a series of such images captured at regular intervals of deformation at each test direction. The ODF results are summarized in Figure 8 for samples tested in the machine and cross directions. The orientation angle is with respect to the angle between sample axis and loading direction. When the samples are tested in the cross direction tions and fiber deformations would be different. The reorientation appears to be dictated by the anisotropy of the structure and the bond pattern and may be responsible for the different compliance values observed as shown in Figure 4 . The reorientation due to the test deformations imposed at 34 0 and -34 0 also show similar changes in the dominant orientation angle, but of a much smaller magnitude than that obtained at 90 0 . It may be noted that the reorientation is similar for the fabrics produced at different bonding temperature except that the failure points are different. A rigid bond will result in premature failure partly because of the high stress concentration and thermal damage of fibers at the bond fiber interface while low bonding temperatures yield more flexible bonds. As shown in Figure 9 , in the case of a flexible bond site, the strain Dl comes from the strain of bond site. However, in the case of a rigid bond site, the strain Dl mainly comes from the strain of fiber. This phenomenon will be significant with respect to the mechanical properties of the material, but it does not significantly contribute to the structure changes because of relatively lower stain of bond site than fibers themselves.
Changes at the Bond Site
In the fabrics used in the present study, the diamond bond geometry and the bonding pattern are such that the long dimension (width) of the bond is along the cross direction and the short dimension (height) is along the machine direction, the preferred direction in the fiber ODF. The strains in the bond along various directions are shown in Figure 10 as a function of the fabric strain for all samples.
It is evident that, when the sample is tested in the machine direction (0 0 ), the bond shape (width) changes significantly. This occurs because:
(1) The compression or tensile stiffness of bond site in the machine direction where the fibers are mainly oriented is much higher than that in the cross direction.
(2) In the case of samples tested in the cross direction (90 0 ), many of the fibers in the bond site are under little or no load in the machine direction because both repositioning of the bond sites and reorientation of the fibers towards the load direction (cross direction) occur with relative ease.
Consequently, the bond site appears to be much more compliant in the cross direction than along the machine direction at all bonding temperatures.
Changes in the Unit Cell
The strains in the unit cell along the cross and machine directions, which result from macroscopic tensile deformation, are reported as a function of macroscopic fabric strain in Figure 11 . As noted earlier, the significant fiber reorientation and a substantially higher degree of compliance of the bond site in the cross direction result in higher strains in the unit cell in the cross direction. Bonding temperature appeared to have little or no effect on this behavior.
The propensity for shear deformation along the direction of preferred fiber orientation is also manifested in these tests. The unit-cell shear deformation results are shown in Figure  12 . It is clear that application of a macroscopic tensile strain produces a significant shear deformation along the initially preferred direction in fiber ODF, except when the two directions are either parallel or normal to each other for all nonwovens produced at different bonding temperatures. The samples subjected to tensile testing at 34 0 and -34 0 , exhibit substantial shear deformation. An important consequence of this effect is in the failure process, which shows a propensity for its propagation in the shear mode along the dominant fiber orientation direction, unless the macroscopic tensile stress is applied along, or close to, 0 0 or 90 0 (Figure 13 ). The latter cases lead to failure in the tensile mode. Similar to other data presented above, the bonding temperature has little or no effect on the shear behavior. Again, the effect of the structure is dominant. The Poisson's Ratio calculated from the unit cell strains of all fabrics produced at different bonding temperature is reported in Figure 14 . It may be noted that the Poisson's Ratio for the samples tested in the cross direction (90 0 ) appears to reach a maximum followed by a plateau while the Poisson's Ratio for the samples tested in the machine direction (0 0 ) goes through a maximum followed by a decrease. When the samples are tested in the machine direction, the structure reorientation in the machine direction reaches a maximum rapidly and little or no change in the transverse direction occurs thereafter. When the samples are tested in the cross direction, however, the large deformation occurring in the cross direction is accompanied by much smaller strains in the transverse direction. The structure reorientation as well as bond strain contributes to the total structure deformation. Much of the transverse strain is related to the compressible mobile structure of nonwovens with spatial regions not occupied by fibers. In the case of samples tested in the machine direction, the relatively high compression forces and high stiffness in the cross direction result in structure jamming at low levels of strain. This is demonstrated in Figure 15 .
Conclusion
The symmetry in the fiber ODF is, as expected, reflected in the mechanical properties of nonwovens. However, the dependence of these properties on the azimuthal angle may not be a weighted function of the fiber ODF. It is important to recognize that the ultimate properties of a nonwoven would be dictated not only by the structural features and properties of the pre-bonded fabric, but also by the conditions of the bonding process.
The data suggest that failure of thermally bonded nonwoven structures is likely to be governed by critical-stress based criteria. They also point to a change in the failure mechanism, from fiber/fiber interfacial failure within the bonds at lower bonding temperatures to failure initiated at the bonded/nonbonded interfaces at higher bonding temperatures. It has also been revealed that, while failure can follow different modes, it is likely to be dictated, under most conditions, by shear along the preferred direction of fiber orientation.
A substantial deformation-induced reorientation occurs in the fiber ODF, especially when deformation of the fabric is carried out normal to the direction of preferred fiber orientation. This reorientation-assisted deformation, requiring relatively low forces, also results in a high overall strain-to-failure even when failure occurs at a relatively low stress. bonded interfaces at higher bonding temperatures. It has also been revealed that, while failure can follow different modes, it is likely to be dictated, under most conditions, by shear along the preferred direction of fiber orientation.
A substantial deformation-induced reorientation occurs in the fiber ODF, especially when deformation of the fabric is carried out normal to the direction of preferred fiber orientation. This reorientation-assisted deformation, requiring relatively low forces, also results in a high overall strain-to-failure even when failure occurs at a relatively low stress. To that end, it has been shown that bonding temperature (a most important processing parameter) has little or no effect on the structure reorientation.
